Enveloped viruses such as influenza virus are surrounded by a membrane, and infection of target cells begins with joining or "fusion" of viral and host cell membranes into a single membrane. 1 Although membrane fusion is thermodynamically allowed, there is a high kinetic barrier to the fusion process. For this reason, enveloped viruses contain "fusion protein" which catalyzes membrane fusion. For influenza virus, hemagglutinin (HA) is the fusion protein and consists of HA1 and HA2 subunits. The ∼20 residues of the HA2 N-teminus are known as the influenza fusion peptide (IFP) and play a critical role in fusion. IFP is initially buried within HA while the influenza virus is endocytosed into the target cell. The low pH of the endosome (∼5) triggers a conformational change of HA, and the IFP is exposed and binds to the endosomal membrane with consequent fusion between the viral and endosomal membranes. This paper focuses on the IFP in the absence of the remaining fusion protein. The peptide with IFP sequence serves as a good model system to understand the role of the IFP in influenza viral fusion as evidenced by IFP-induced lipid vesicle fusion at low pH and by the strong correlation between mutation-activity relationships of IFP-induced vesicle fusion and HA-catalyzed cell membrane fusion.
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Although membrane fusion is thermodynamically allowed, there is a high kinetic barrier to the fusion process. For this reason, enveloped viruses contain "fusion protein" which catalyzes membrane fusion. For influenza virus, hemagglutinin (HA) is the fusion protein and consists of HA1 and HA2 subunits. The ∼20 residues of the HA2 N-teminus are known as the influenza fusion peptide (IFP) and play a critical role in fusion. IFP is initially buried within HA while the influenza virus is endocytosed into the target cell. The low pH of the endosome (∼5) triggers a conformational change of HA, and the IFP is exposed and binds to the endosomal membrane with consequent fusion between the viral and endosomal membranes. This paper focuses on the IFP in the absence of the remaining fusion protein. The peptide with IFP sequence serves as a good model system to understand the role of the IFP in influenza viral fusion as evidenced by IFP-induced lipid vesicle fusion at low pH and by the strong correlation between mutation-activity relationships of IFP-induced vesicle fusion and HA-catalyzed cell membrane fusion. 2 IFP is also an important system for developing and testing different simulation methods for membrane-associated peptides. [3] [4] [5] [6] [7] It is therefore necessary to have high-resolution structural information for the membrane-associated IFP.
Structures of detergent-associated IFP have been determined by liquid-state NMR and, at pH 5.0, showed an N-terminal helix from residues 2-10 followed by a turn followed by a C-terminal helix from residues 13-18 and, at pH 7.4, showed an N-terminal helix from residues 2-9 followed by a turn and C-terminal extended structure. 8 In membranes, there is substantial experimental support for the N-terminal helical structure and much less support for the turn and C-terminal structure. 2, [8] [9] [10] Molecular dynamics simulations on membrane-associated IFP from different groups have had conflicting results with observation of helix-turn-helix structure as well as continuous helical structure without a turn. [5] [6] [7] In the present work, the conformation of the putative turn region in membraneassociated IFP has been probed with solid-state NMR spectroscopy. The significance of this study is highlighted by observation of IFPinduced fusion between membrane vesicles but not between detergent micelles.
IFP has the sequence GLFGAIAGFIENGWEGMIDGGGKKK-KG where the underlined residues represent the HA2 N-terminus and the subsequent residues increase aqueous solubility. IFP-I10E11 was U- 13 C, 15 N labeled at Ile-10 and Glu-11 and IFP-N12G13 was U- 13 C, 15 N labeled at Asn-12 and Gly-13. Additional IFPs were synthesized with a single 13 CO label or a single 13 CO and a single 15 N label and are described in the Supporting Information (SI). The solid-state NMR samples contained 0.8 µmol of IFP, 16 µmol of DTPC lipid, and 4 µmol of DTPG lipid and were hydrated with buffer. 13 C- 13 C correlation spectra were generated with protondriven spin diffusion (PDSD) using 10 ms of exchange which led to observation of only intraresidue crosspeaks. 9 Figure 1 displays PDSD spectra of membrane-associated IFP-I10E11 and IFP-N12G13 at fusogenic pH 5.0. The peaks were assigned based on the characteristic chemical shifts of the amino acid spin systems, and Table 1 lists the   13 C shifts. Two distinct sets of crosspeaks were observed for Glu-11, and the ratio of intensities of the two peak sets A/B is ∼3:1. Backbone dihedral angles were derived from a TALOS program-based analysis of the 13 C chemical shifts obtained from the Figure 1 spectra and from spectra of membrane-associated IFP which was either singly 13 CO labeled or U- 13 C, 15 N labeled from residues 1 through 10.
9,11 The Ile-10 to Gly-13 angles are listed in Table 1 , and the Gly-1 to Phe-9 Figure 1 . NMR spectra of membrane-associated (a) IFP-I10E11 and (b) IFP-N12G13 at pH 5.0. Some of the peak assignments are shown using the convention f 1 (vertical axis)/f 2 (horizontal axis). The A and B labels represent two distinct sets of Glu-11 crosspeaks: A(1) and B(1), Glu-11 CR/CO; A(2) and B(2), Glu-11 C /CR. angles are provided in the SI. Figure 2 displays two backbone structures based on these angles and correlated with the A and B crosspeaks in Figure 1 . The Trp-14 to Gly-20 dihedral angles in both structures were obtained from the pH 5.0 IFP structures in detergent micelles and were supported by the solid-state NMR observation of helical structure in this region of membraneassociated IFP at both pH 5.0 and pH 7.4; cf. SI. 8 In both the A and B structures, the membrane-associated IFP adopts a helix-turnhelix conformation. Detection of two distinct turn conformations at pH 5.0 is supported by (1) Glu-11 A and B shifts which respectively correlate with canonical shifts of helical and strand conformations; (2) Asn-12 shifts that do not correlate with helical conformation; (3) solid-state NMR measurement of a 3.6 Å Phe-9 13 CO-Gly-13 15 N distance that agrees quantitatively with the distance in the A structure (cf. SI); and (4) interpretation of ESR spectra of spin-labeled IFP. 12, 13 The B crosspeaks are only present for samples at more fusogenic lower pH and are absent for samples at less fusogenic pH 7.4, Figure 3 . At pH 7.4, the A/B population ratio is g10 as estimated from the signal-to-noise of the A crosspeaks. The B conformation may not have been observed in detergent structures because of rapid motional averaging between the A and B structures. The B structure may be correlated with increased fusion at pH 5.0 through the hypothesized "inverted V" insertion of IFP into the membrane, Figure 2 . 8 Consider the reasonable hypothesis that the fusion rate is correlated with membrane insertion of the IFP and the resulting membrane perturbation. Membrane insertion would be favored for the pH 5.0 B structure because of the placement of the N-terminal hydrophobic residues on the outside of the V shape in contact with the hydrophobic region of the membrane. In addition to functional relevance, observation of two distinct local conformations in a small membrane-associated peptide is of fundamental interest and the structures provide important data for development of simulation methods that can in principle detect the full IFP conformational distribution. 6, 7 Glu-11, for which two shift sets were observed, is critical for HA2-mediated fusion and for the pH dependence of IFP-mediated vesicle fusion. 14, 15 The protonation state of the side chain of Glu-11 was probed as a function of pH through its Cδ shift and relied on the downfield shift of COO -relative to COOH, Figure 3 . The Glu-11 Cγ/Cδ(COO -) crosspeak was absent at pH 4.0, became apparent at pH 5.0, and was strong at pH 7.4. Increasing pH also showed a concurrent decrease in intensity in the region containing the Cγ/Cδ(COOH) crosspeak. This pH dependence in membranes correlates with the Glu-11 pK a of 5.9 in detergent and suggests that the Glu-11 side chain has contact with water which is consistent with the inverted V membrane location model. 16 The structures in Figure 2 suggest a connection between Glu-11 side chain protonation and formation of the B structure: the charged Glu-11 COO -side chain in the A structure points toward the aqueous layer, whereas the uncharged COOH in the B structures points toward the membrane interior. The protonation information from Figure 3 will be useful for molecular dynamics studies of the membraneassociated IFP for which protonation states are input parameters. Backbone structures of membrane-associated IFP based on (left) Glu-11 shift set A or (right) Glu-11 shift set B. Glu-11 is in green, Asn-12 is in red, and the hydrophobic residues Leu-2, Phe-3, Ile-6, Phe-9, and Ile-10 are in gold. The structures are drawn from the perspective of "inverted V" membrane insertion with the membrane normal along the symmetry axis of the V and the lipid/water interface near Glu-11 and Asn-12. An alternate view is shown in the SI. The sequence of IFP is GLFGAIAGFIENGWEGMIDGGGKKKKG and was synthesized using Fmoc chemistry. The underlined part is the 20 N-terminal residues of the influenza A X31 strain HA2 fusion protein and the non-native glycines and lysines increased aqueous solubility. IFP was cleaved from the resin for 2-3 hours using a mixture of trifluoroacetic acid:thioanisole:1,2-ethanedithiol:anisole in a 90:4:4:2 volume ratio. Trifluoroacetic acid was removed from the cleavage filtrate with nitrogen gas and IFP was precipitated with cold t-butyl methyl ether. IFP was purified by reversed-phased high performance liquid chromatography using a semi-preparative C18 column and a water-acetonitrile gradient. Mass spectroscopy was used for peptide identification.
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Solid-state NMR sample preparation
Some of the vesicle samples were made with 1-palmitoyl-2-oleoyl-sn-glycero-3-
lipids in a 4:1 mol ratio. The other samples were made with 1,2-di-O-tetradecyl-sn-glycero-3- The reason for the major PC fraction in both mixtures was the significant quantity of phosphatidylcholine lipids in membranes of host epithelial cells of the influenza virus. 5 Incorporation of the minor PG fraction was based on the small quantity of negatively charged lipids in these membranes. In addition, PC/PG mixtures of this approximate composition have been previously used in structural and functional studies of IFP and HA2. [6] [7] [8] [9] [10] [11] [12] The sample preparation protocol began with dissolution in chloroform of lipids (20 μmol total). The chloroform was removed under a stream of nitrogen followed by overnight vacuum pumping. The lipid film was suspended in 2 mL aqueous buffer (10 mM HEPES/5 mM MES) at pH 5.0 or pH 7.4 and was homogenized with ten freeze-thaw cycles. Large unilamellar vesicles were formed by extrusion through a 100 nm diameter polycarbonate filter (Avestin, Ottawa, ON).
Quantitation of IFP was done using A 280 with  280 = 5700 cm IFP-I10E11/DTPC/DTPG sample at pH 4.0 was made from the corresponding sample initially prepared at pH 5.0. After obtaining the NMR spectrum, the sample was re-suspended in buffer at pH 5.0, the pH was reduced to 4.0 with hydrochloric acid, the sample was ultracentrifuged, and the IFP-I10E11/membrane pellet at pH 4.0 was transferred to a MAS rotor.
Solid-state NMR spectroscopy
Experiments were done on a 9. C (π/2) x or (π/2) y pulse at the end of the t 1 evolution period. Spectra were processed with NMRPipe software using 200 Hz Gaussian line broadening in each dimension. 20 The ratio of intensities between adjacent contours was typically 1.3.
NMR spectra of membrane-associated IFP
The full PDSD spectra in Fig. S1 , S2a,d and S3c correspond to the spectra in Fig. 1a, 3c ,a and 1b in the main text, respectively. Because of MAS and radiofrequency heating, the sample temperature was at least a few degrees above the cooling gas temperatures, so the membranes in the DTPC/DTPG and POPC/POPG samples were respectively in the frozen gel and unfrozen liquid-crystalline phases. For a particular pH, similar peak shifts and relative intensities were observed for samples containing either DTPC/DTPG or POPC/POPG, cf. Fig S1 and 
Chemical shifts and dihedral angle prediction
Dihedral angles were generated by the TALOS program using the measured 13 CO, 13 C and 13 C chemical shifts.
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The Ile-10, Glu-11, Asn-12, and Gly-13 shifts are listed in Table 1 The remaining shifts were based on previously obtained 2D correlation spectra of a membrane-associated IFP sample at pH 5.0 with U- 13 C, 15 N labeling over the first ten residues.
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The Leu-2 and Ile-6 shifts obtained from this spectrum were unambiguous while a single set of chemical shifts was observed for both Ala-5 and Ala-7 and another single set was observed for ppm led to consideration of shift sets (3) and (4) for Gly-1 but the different shift sets had minor effect on the predicted dihedral angles, i.e. predicted values from one set were within the range of standard deviations of the values from the other set. Table S1 was generated using the 43.6
ppm C shift for Gly-1. For Gly-4 and Gly-8, only shift set (1) The φ and ψ angles in Table S1 are the averages of the best matches predicted by the TALOS program. Residues Leu-2 through Phe-9 and Gly-13 have dihedral angles independent of the Glu-11 chemical shifts. Residues Ile-10, Glu-11 and Asn-12 have different φ and ψ angles corresponding to the A and B Glu-11 chemical shift sets. This work highlights the ability of solid-state NMR to detect multiple peptide structures. 24, 25 A qualitative check on the TALOS-derived angles of Glu-11 and Asn-12 is comparison of the experimental CO, C, and C shifts to the corresponding shift distributions derived from a shift database of proteins of known structure. 
IFP structural models
The structures were generated using the MOLMOL program and for residues Leu-2 to Gly-13, the solid-state NMR-derived angles in Table S1 were used.
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For membrane-associated S11 IFP, a Gly-16 13 CO shift of 175.2 ppm has been measured in selectively labeled samples and is invariant to pH and consistent with helical structure. 15, 21 At The REDOR data rely on the "S" difference in 13 CO signal between "S 0 " and "S 1 " spectra where Samples were prepared as described in sections 1 and 2 and IFP was 13 CO labeled at Phe-9 and 15 N labeled at Gly-13.
time, Fig. S6 . Details of the REDOR experiments and fitting have been described previously. 27, 28 At pH 7.4 at long dephasing times, S/S 0  1, which indicates that nearly all of the Phe-9 13 COs are close to the Gly-13 15 Ns. At pH 5.0 at the corresponding dephasing times, S/S 0 < 1, which indicates that there are two populations of Phe-9 13 COs, one close to Gly-13 15 N nuclei with population "f " and one further away from 15 N nuclei with population of 1 -f. These populations respectively correlate with the A and B structures in These REDOR analyses qualitatively support the pH dependence of the population of the B structure although the fractional population at pH 5.0 is somewhat less than that deduced from the 2D crosspeak intensities.
IFP mutant experiments
Solid-state NMR constant-time double-quantum buildup with finite pulses (fp-CTDQBU)
experiments are a good approach to determine inter-residue 13 C-
13
C distances which are straightforwardly correlated to backbone dihedral angles. 27, 29, 30 This approach was specifically targeted to measurement of the Glu-11 13 CO … Asn-12 13 CO distance because it is geometrically related to the Asn-12  angle and this angle has non-helical values in all of the structures in Table S1 . Analysis of fp-CTDQBU data is most straightforward and accurate for an isolated 13 CO- 13 CO spin pair; i.e. for IFP that contains two 13 CO labels. Because protected 13 
CO labeled
Glu and Asn were not commercially available, we made a IFP-E11V,N12A mutant with 13 CO labeling at Val-11 and Ala-12.
31,32
The global structure of this mutant IFP was assessed by a IFP-E11V,N12A mutant with a Relative to the S 0 spectrum, the large reduction in signal intensity in the N distance of 4.1 Å which was the expected value for  helical structure. In some contrast, the IFP-E11V,N12A mutant had a Ala-5 13 CO shift of 172.0 ppm and the S/S 0 were much smaller than those in the wild-type IFP. Both observations were consistent with a large change in the mutant from the global helical structure of wild-type IFP and showed that this mutant IFP was not a reasonable structural model for wild-type IFP. This result also highlights that Glu-11 is a critical IFP residue as stated and referenced in the main text.
